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CHAPTER I

INTRODUCTION

Ae 2Zinc Deficien
In 1869 Reulin (1) recognized zinc as an essential

element, 8Since then, a great deal of evidence substanti-
ating the universel importance of this micronutrient has
accumulated, States of zinc deficiency are described in
Aspergillus niger (1), Neurospora crassa (2-4), corn (5),
tomato (6), and other plents, In the animal kingdom,
indisputable evidence for the specific effects of zinc
deprivation in the rat was presented by Todd ot al. (7),
and the Wisconsin group (8-10). Subsequently, zine
deficiency syndromes were documented for swine (11),
chicken (12, turkey (13), calves (14), lambs (15), and the
Japanese quail (16). |

Deaspite the overwhelming evidence for the exis-
tence of zinc deficlency states, the nature of metabolic
disturbances it causes remains unknown., The subcelluler
distribution of zinc in the rat liver follows closely the
intracellular localization of known zinec metalloenzymes

(17). These have been shown to lose activity when their
zinc is bound with complexing agents, and to regain
activity after replacement of the zinc (18, 19),
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Hence, it may be expected that zinc deprivation
should result in loss or reduction of activity of most
zinc metalloenzymes. In fact, alcohol dehydrogenase was
absent in ginc-deficient mycelia of Neurospors crassa (3-4).

Subnormal levels of intestinal and kidney alkallne phos -
phatase activitles in the rat were reported (10, 20-21),.
Also, bone alksline phosphatase activity was lowered in
zinc deficient turkeys (22), However, carbonic anhydrase,
and lactic dehydrogenase, both zinc dependent enzymes, were
found to be unaffected by zinc deficiency in rats (23),
end chicken (12). Purthermore, in the male genital tract
which sccumulates high concentrations of zinc, the amounts
of the metal do not reflect the activities of known zinc
metalloenzymes (24).

Impaired growth in plants end animals during zinec
deficiency has indicated that protein synthesis is one of
the biochemical loci affected. Changes have been found
in the levels of plasma proteins of zinc~deficlent rats
(9), chicks (25), and the Japanese quail (26, 27). Lower
protein content in zine-deficlent mycelia of Neurospora
crassa (3, 4), and tomato (6) has also been reported,

Zinc has been suggested to have a’role in protein,
n-BNA snd DNA synthesés. Schneider and Price (28) have
hypothesized that decreased levels of RNA may be the cause

of growth inhibition during gzinc deprivation. 1In fact,




investigetions of the effect of zinc deficlency upon RNA,
and protein synthesis, in Buglena gracillis (29), Rhiszopus
nigricens (30), and Myecbacterium smegmatis (31, 32) have
described a general pattern. The metabolic disturbances
associated with zinc deficiency, they belleve, starts

with the arrest of RNA formation; soon proteln synthesis
stops., Later, the rising total nitrogen and DNA levels
assoclated with growth come to a standstill., Addition of
gzine to the culture media stimulates RNA and protein
synthesis (30). Further, it i1s of interest that in
experiments performed by Fox and Harrison (27), Actinomycin
D, the inhibitor of DNA primed m-RNA formation, influenced
gzinc-deficient birds only, during short periods of fasting,
This implies disturbed m-RNA formation during zinc
deficiency. However, injection of growth hormone, which
stimulates m-RNA formation, caused retention of nitrogen
but no weight gain in deficient rats, a finding that does
not support direct m-RNA involvement.

Nuclear basic proteins, the histones are known to
be involved in DNA dependent RNA synthesis, As an example,
histones in 100 pg/ml concentration activeted de nove
aynthoais of lactic dehydrogenase, a zinc metalloenzyme
from embryonic chick brain in tissue culture. While, at
400 pg/ml complete inhibition of the enzyme synthesis

occurred (33)e Since histones could inhibit the formation




of a zinc-dependent engyme in vitro, and probably other
proteins in vivo, the possibility that during zine
deficiency synthesis of some key metalloenzymes were
blocked by histones needs to be considered. If hiatones
behaved as repressors, definite changes in histone concen-
tration or type might be expected during zine deprivation.
For these reasons a study of histone behavior was made

in zine-deficient rats and compared with that of controls

receiving eppropriate quantities of szinc.

B, Histones

The histones, basic proteins of molecular weight
8000-130000, are found in close assoclation with the DNA
of the nucleus of somatic cells (34). Thelr metabolic
role is not known, However, keen interest was aroused in
them by Stedman et al (35) who suggested a genetic
regulatory role for them. Significant findings concerning
heterogeneity, species and organ specificity and nature
of interaction of histones with the DNA have been
described (36)e

The heterogeneity of histones 1as well established.
Differential extraction and precipitation, ion exchange
chromatography, gel filtration, electrophoresis (37,38),

and countercurrent distribution (39) technigues have been

used to separate histones into three main fractionss




arginine-rich (Fy), moderately lysine-rich (Fg), and
lysine-rich (Fs). Each has been further subfractionated.
Starch gel electrophoresis (40, 41) of whole, as well as
chromatographically soparated fractions (42, 43) of
Nistones ylelds multiple bands. Extensive heterogeneity
was revealed by the use of polyacrylamide gels (40, 44),
Moreover, Murray (45) demonstrated that histones prepared
by these widely different methods exhibited heterogeneity.
The present belief is that there are a limited number of
histones which have remarkable similarities in electro-
phoretic patterns (40, 46), amino acid compositions (47,
48) and NHo-terminal smino acids (49, 50), Comparisons
of these characteristics were made with calf thymus
histones which have been most completely atudied.

Species and organ specificity of histones have
been investigated. Neelin (40, 51) and Hnilice (42) |
isolated a unique histone from chicken erythrocytes.

Differences from various organs of chicken (40) and rats
(42) have also been described, as have slight differences
between histones of the same organs of the rat, guinea
pig, and the rabbit (52). However, histones from mouse
brain, and liver (53), calf thymus, liver and kidney (50),
and rat brain, liver and kidney (42) showed no detectable

differencese
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An interesting succession of histone types during
spermatogenesis in the squid Loligo (54) end fertilization
in the snail Helix aspera (55) were reported. Concomi~
tantly, newborn and adult tissues from chicken showed
minor differences (46). Also, slight but consistent
differences in the histones of young rat liver, and brain
were detected (52), Microorgenisms grown under different
conditions were investigsated and significant differences
in the histones were cbserved (56)., Small differences
between normel and neoplastic tissues have been also

described (34),

Ce Histone Metabolism

The site of bloasynthesis of histones is unknown,
The nucleus has been suggested (54, 57) although during
spermatogenesis in the grasshopper, protein-bound lsbeled
srginine appeared first in the cytoplasm of the sperm
nucleus, Originally it was believed that histone and DNA
syntheses occurred simnltuneously (s8, 59). Recent
evidence indicates that histone synthesis is an independent
process, snd may take place before DNA synthesis (60, 61),
Actinomyein D, the known m-RNA inhibitor, causes a
decrease in the incorporation of labeled amino acids into
histones (62). Moreover, inhibition of histone synthesis
by puromycin indiceates that histone biosynthesis is like
that of other proteins (63, 64),




Histones undergo a slow but definite turnover
(65, 55), although in avian erythrocytes and reticulocytes
no turnover could be detected (66), 1% lysine is
incorporated into the peptide structure of lysine-rich
histone fractions (67). Furthermore, labeled amino acids
are incorporated at different rates into histone fractions
isolated from calf thymus nuclei (62, 64),

Methylation and acetylation of histones, which
modify histone-DNA interaction, can occur both in vivo
and in vitro (68, 62). These processes are not inhibited
by puromycin (63). Recent evidence indicates that during
gene activation in humsn lymphoecytes, acetylation of
histones (69) takes place just before the rise in RNA
levels. Phosphorylation of histones alao occurs (70),
Serine phosphat§ has been identified as the aite (71),
Thiol groups have also been reported in histones (72),

The concentration of histones in the nucleus was
assumed to be equivalent to that of DNA (73). However,
Umana et &l have shown that in nondividing stable cells,
histone concentration is twice that of DNKA, Starvation
lowers the histone:DNA ratio to 1,66, In tumors the ratio

is about one (74)., The smount of histones to DNA in sdult
tissues varies (75)e

Basic groups of histones interact with phosphate

groups of DNA primarily through nonapecific ionic linkages
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(76, 77). The ease of dissociation of nucleohistone
complexes by acidic or high ionic strength solutions has
been presented as evidence (77)., The results of analyses
of tryptic finger prints indicate that basic amino acids

in histones are not found in a regular order as are the
phosphate groups of DNA (45, 78)., Furthermore, the inter=-
aoction of histones with DNA seems to be size and structure-
dependent (79), Nucleohistone assoclation and dissociation
studies (80, 81) have shown that a lysine-rich histone
fraction specifically assoclates with a DNA moiety rich

in guanine and cytosine,

D, Histones in the Biochemistry of the Nucleus

Histones were shown to be involved in several

reactions taking plaeovin the nucleus, Among these are:
synthesis of DNA-dependent RNA, of DNA and of nuclear ATP,
In 1solated thymus nuclei, addition of histones

inhibits DNA-dependent RNA synthesis (82, 83). While,
enzymatic removal of histones with trypsin or acetylation,
enhances it. Pea embryo native chromatin or reconstituted
nucleoprotein (histone:DNA, 2:1) is inactive in supporting
DNA-dependent RNA synthesis (73, 84). Selective removal

of histones from reconstituted nucleoprotein stimulates

the incorporation of labeled RNA precursorse.
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The degree of inhibition caused by different
histone fractions is unknown (73, 82, 84). Purthermore,
the concentration of histones in relation to DNA mgy be
significant (33, 85),.

The interaction of histones with DNA (86) and
nuclear ATP (87) syntheses are less well understood.
However, histones inhibit both of the above mentioned
reactions. Hence, 1t is expected that most phosphorylating

and energy requiring processes in the nucleus may be

sdversely affected.




CHAPTER II

MATERIALS AND METHODS

A. Induction of Zinc Deflclency in Rats
Weanling rets, all male, of a local Sprague-

Dawley strain were sorted at random into experimental and
control groups. The rats were housed in stainless steel
cages, and were palr-fed the appropriate diets after a
twenty-four hours fast, Deionized water was provided

ad libitum, The diet was based on that of Forbes and
Yoho (88) with the following modifications: the protein
was changed to 80 % casein (EDTA-purified as described in
(89)) and 20 ¥ gelatin. Cellulose and chlortetracycline
were onmitted., Instead of glucose, sucrose and dextrin
served as carbohydrate sources. 1500 I.U, Vitamin D, and
12000 I.U, Vitamin A, and 1.0 g Tocopherol were added per
4.5 kg batch, The CaHPO, used in the salt mixture was
prepared from NapHPO4 and CaClpy by 1soelectric precipita-
tion to decrease zinc contamination found in commercially
available CaHPO,.

The zinc content of the food was measured with
the aid of dithizone (90) or atomic absorption spectro-
photometry (91), after digestion with sulfuric, nitric and
perchloric acids (89). The zinc-depleted diet contained

=10=




=]lle

less than two p.p.m. zinc. The controls received the same
diet except that ZnCOs was added to raise the zinc level
to 20 peDelie

The zinc content of halr was measured as a supple-
mentary method for assessing zinc deficiency (89). Hair
was clipped from the abdomen, washed, digested and analyzed
by atomic absorption spectrophotometry (89).

The rats were weighed twice each week. As soon as
severe zinc deficiency symptoms developed the experiment
was terminated. This occurred twenty to forty days after
starting diets.

B. Preparation of Rat Liver Nuclei
Rats fasted for twenty-four hours were anesthetized

with ether, the abdominal and thoracle cavities were opened.
Blood was withdrawn with a syringe from the left ventricle.
A catheter was introduced into the vena cava and the liver
was perfused in situ with ice-cold O.14 M NaCl to remove
blood. Perfusion was continued until the liver became
graye. All subsequent operations were carried out at §° ¢
or below,

The liver was rinsed with saline, blotted with
filter paper, and one gram portions were minced with
scissors and homogenized in twenty veolumes of 0,25 M

sucrose, 3 mM CaClp. Eilther 1 mM diisopropyl fluorophosphate
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(DFP) or 0.1 mM ethyl iodoacetate (EIA) were added just
before homogenization. DFP, and EIA were used to inhibit
enzymatic hydrolysis of histones known to occur in the
nucleus upon homogenization of the rat liver., A close
fitting teflon pestle with serrated edge, and a Potter El-
vehjem glass homogenizer were used., After numerous trials
6~8 strokes, 40 seconds and 3500 r.p.m. for the rotor were
found to yield maximal number of intact nuclei. The
homogenate was passed through four layers of cheese cloth,
and centrifuged for ten minutes at 1000 x g« The crude
nuclear sediment was resuspended in the homogeniging
solution (1 g/10 ml) and was centrifuged as above, The
pellet obtained was suspended as described by Chauveau
(92) in 2,1 M sucrose using a loosely fitting teflon pestle
with the glass homogenizer. The nuclear suspension
corresponded to 5 g of the originesl tissue per 100 ml of
2,1 M sucrose solution, Heads 21 or 30 of the model L
Spinco preparative ultracentrifuge were used for 75 minutes
at 50000 x g calculated for the bottom of the centrifuge
tube., Samples of the nuclel prepared were stained by
hematoxylin hydrochloride and examined with the light
microscope. The nuclear preparations contained little
detectable contamination (whole cell or debris), Yields

were lowe
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Ce Prepsration of Histones by Igoelectrio Progigitation
Initielly a procedure based upon isocelectrie

precipitation of histones was tested, Two histone frac-
tions from the rat liver were obtained by a modification
of Daly and Mirsky method (93). The nuclel were extracted
with 0.25 N HCl and the clear supernatant solution obtalned
after centrifugation was titrated to pH 8 with 1 N NeOH,
Purbidity, indicating aggregation, appesred first at pH 6

and at sbout pH 8 a cloudy, white precipitate formed.

No furth9r>precip1tation was observed upon raising the pH.
After the first histone fraction was collected, the pH of
the supernatant solution was reised to 10,0 and three
volumes of 98 % ethanol were added. A white precipitate,
the second histone fraction, was formed. The isocelectric
precipitation procedure was abandoned because both histone
fractions obtained were contaminated by other proteins
having iscelectric points in the same pH range. Also,
alkaline treatment of histones caused densturation, hence

loss of solublility.

D. Preparation of Doo;;gibonncloogrotein SDNP[

A second procedure applied to isolation of histones
depended upon separation of deoxyribonucleoprotein. A4ll
steps described previously in the high speed differentiel

centrifugation of nuclel were followed. The nuclear
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pellet was extracted with 2 M NaCl (50) for § hours. The
supernatant solution was decanted and centrifuged 2 hours
at 2000 x g« The new supernatant solution containing the
DNP was diluted to a concentration of 0,15 M NaCl. The
DNP precipitete was collected by centrifugation.

E. Purification of Histones

The e¢lean nuclel or DNP were extracted with 0.25 N
HC1l for two to three hours. The extract was centrifuged
and the clear supernatant solution containing the histones
was purified by the method of Lindh and Brantmark (38).

The acid extract was treated with a saturated
solution of freshly prepared ammonium Relineckate until
complete precipitation occurred. The histone Reineckate
was washed with an appropriate volume of 0,05 M Tris HC1
pH 8.4 buffer, An equal volume of saturated Reineckate
was added, and the precipitate was collected by centrifu-
gation. The supernatant dlscarded contained proteins with
isocelectric points below pH 7, together with low molecular
weight basic contaminants, This step was repeated twice,
The precipitate was treated with acetone HCl (98 parts
acetone : 2 parts concentrated HCl) which had been cooled
below -5° C, and centrifuged at -20°C. The precipitate
containing the histones was extracted with p-alanine-

acetate buffer at pH 4.5, or acetate buffer at pH 4,2,
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|
An insoluble greenish precipitate remained, The flowsheet }
|
summarizes the different steps (Fig. 1l)e. |

J

|

Po Disc Electrophoresis of Histones in Acrylamide Gels
Disc electrophoresis was performed according to

Reisfeld (94) in 7.0 $ acrylamide gels. A combinetion of

large and small pore gels at pH 6.7 and pH 4.3 respectively

was used to produce the molecular slieving and electro-

phoretic effects required to resolve mixtures of closely

related proteins (95, 96). Unless otherwise specified,

a 6 ma constant current was applied for 65 minutes per

tube., 7.5 cm long and 0.5 om internal dlameter glass

running tubes were used, The gel stacked at pH 5.0 and

ran at pH 4.3. The buffer used for electrophoresis was

0,35 M F—alanine-acotate pH 4.5, Under these conditions

histones showed excellent resolution, |
A volume of solution containing fifty microgrem

histone semples was spplied. Larger protein samples are

known to cause aggregation with loss of resolution;

furthermore, scanning of thick bands 1s lnaccurate.

Protein concentration was measured by the method of Lowry

et al (97)s A preparation of celf thymus histone® was

used for the protein standards.

¥HLY 61 A Worthington Biochemicals,




FLOWSHEET FOR THE PREPARATION OF HISTONES

LIVER
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FIGURE I, FLOWSHEET FOR RAT LIVER NUCLEAR PREPARATIONS.
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The histone sample was mixed with an equal volume
of gel solution composed of 1 part B : 2 parts D : and
1 part B, where B, D and E are (94):

'B. 48 ml 1 N KOH, 2.87 ml glacial acetic acid,
0046 m1 of N, N,N! Nt-tetramethylethylenedlamine
in 100 ml water solution.

D, 10 g acrylaenmlde, 2.5 g N,N'-methylenebia-

acrylamide in 100 ml water solution.

E. 4.0 mg riboflavin in 100 ml water solution,

Addition of four parts water was omitted from the
gel solution because the samples were dilute. Histones
applied were either in water or in fB-aslanine-acetate buffer
pH 4.5 or in acetate buffer pH 4.2, After the run, the
gels were removed from the tubes with the help of a needle,
and e syringe filled with 7 % acetic acid. While a gentle
atream of the solution was released, the needle was
inserted between the gel and the tube wall, and a complete
turn around the gel made,

The gels were irmersed in 0.5 % Amido Schwarz 10 B,
in 7 % acetic acid, for a minimum of two hours. They were
destained either electrophoretically in 7 % acetic acid
with currents less than 8 ma per tube, or by diffusion in
the same solvent. The latter was preferred because currents

as low as 4 ma/tube removed falnter bands. Alsoc development

of ertifacts is reported (98),.
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The destained gels were scanned with Aminco
Fluoromicrophotome ter equipped with a scanner running at
a speed of one centimeter/minute. The photometer was
coynected to a Moseley model 680 recorder, and the gel
patterns were traced. A wratten ND filter 1-10 ¥ and a
green filter 58 were used to decrease the intensity of
light, and make the use of slit adjustment possible. An
unstained section of the gel was selected to adjust the
zero absorbance above the.baseline. Several reéordings
were made at different slit widths, The tracing showing
the best resolution of bands with the least noise was
selected for analysis. Some variation in the opﬁical
properties of the gel which could not be avoided gave risé
to minor differences in the optical density for the clear
areas. Hence, the reglon of the more prominent bands
(4 major, 2 minor) was analyzed only, The curves corre-
sponding to the absorbance of the protein bands on the
gel were assumed to have Gaussian symmetry. When two
curves overlapped because two close bands could not be
completely resolved by the scanner, the missing arms of
the two curves were drawn symmetrically with the other,
The area falling under the curves was measured with a
planimeter, The average of five such measurements wvas

recorded., Each peak was expressed as % of total area.

Since the gquantity of protein applied to the gel columns




was the same, the several prepearations examined could be

compared directly by areas under the curves,

Go Starch Gel Electrophoresis

Starch gel electrophoresis in acetate buffers of
differing ionic strength and pH was also tested, The best
results were obtained with scetate buffer pH 4.8, 0,02
ionic strength. Because at least 500 pg samples were
required and resolution as compared to disc electrophoresis

was poor, it was discontinued.

H. Paper Electrophoresis
The presence of nonbasic protein contaminants in

substantial amounts was excluded by electrophoresis
carried out on paper in vercnsl buffer pH 8,6, ionic
strength 0,076 and a current of 2.5 ma/cell for 16 hours.
The paper strips were stained with 1 % Amido Schwarz in

7 4 acetic acid, and destained in the same solvent.

I, PFPractionation of Histonpa by Carboxymethyl Cellulose

Rat liver histones were fractionated on C.M,
Cellulose® columns according to the method of Johnes et al
(99). The protein was added to the column in 0,1 M

#G,M, Cellulose Sigma Chemical Co. medium mesh

0.60 nEq/ge




acetate pH 4.2 buffer., Three fractions were eluted by

the use of 0.2 M acetate - 0,42 M NaCl buffer pH 4.2,

0.01 N HC1l, 0.02 N HC1l respectively. 20 x 1 cm columns
were used. The C.M, Cellulose was previously washed with
4,2 pH acetate buffer to remove any ultraviolet ebsorbing
moieties. In order to compare histones from zinc defi-
cient and control rats, identical smounts of samples were
added and eluted. Fractionation was carried out initially
at room temperature, Later, experliments were performed
at 5° C, A flow rate of 0,5 ml/min was maintained. Three
ml fractions were collected. The optical density of the
eluate was read at 278 mp, Alternatively, the color
developed by the Lowry method (97) was read at 750 mu.
Peaks of the three fractions Fj, Fo, and Fz were collected.
Fy was dialyzed against 0.25 N HCl for 3-5 hours. Then
the three fractions were treated with ammonium Reineckate
to precipitate the histones. The preciplitates were
resuspended in minimal amounts of water and dialyzed
against 0.25 N HC1 to remove the Reineckate. Later, the
histones were dialyzed against the desired buffer. The
chromatographiec fractions F, Fg, and Fa from zinc

deficient and control rats were analyzed by disc electro-

phoresls,
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CHAPTER III

RESULTS

A. Evidence of Zinc Deficiency in the Rats Examined

Rats fed the zinc~-depleted diet showed. reduced
growth, inflammed lesionsof the skin around the mouth,
nose, and the eyes as well as the paws. The halr became
coarse, and certain areas especially the shoulders were
denuded, In some severely deficlent rats weakness was
followed by death. The growth curves of deficlent and
control rats started to deviate during the first week of
the experiment, and continued to do so thereafter (Fig., 2).
Within twenty to forty days, when the rats were belng
killed the difference in the mean body weights of the
two groups was statistically highly significent (t = 5,065
for n = 18, PL0,01). Purthermore, Table 1 shows that
zinc content of halr in the deficilent rats decreased
drastically., While, in the control the level of zinc in
heir either increased or decreased slightly depending on
zine intake,

Be The Histone Solubllity Characteristics,Yields and

Purity
The histones were socluble in water, acidle

solutions, or buffers at pH less than 7, Upon addition

-21-
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CONTROL RATS (SERIES IX).




Table 1

Hair Content of Zinc® (pg/g) in Zine
Deficlent and Control Rats

e Control rats - Deficlent rats
Series | Days
No. Initial Pinal Initial Final
9 20 15656 + 4.6 |187 + 23.0 ]| 154 + 14.5 | 127 £ 24,
11 20 179 £ 10,5 ({169 £ 7.6 {185 £ 9.5 [142 £ 17,
14 | 30 162 + 12.2 |156 £ 17.1 1138 £ 9.0 296 % 27,

®Mhe mean and the standard deviation are reported.

**Days refer to the period between inltial and final

hair oclipping of the rats.
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of dilute NH4OH or raising the pH to eight some of the
histones precipitated. The part remaining in solution
could be recovered at pH 10,0 by the addition of three
volumes of 98 ¥ ethanol or acetone. 20 % trichloroacetic
acid (TCA) precipitated the histones completely. Further-
more, the histone preparations dissolved in the Mirgky
reagent (1,88 M HpSO04 - 0433 M HgS04).

The overall yield of histones from wet tissues
was 0,05 $. A range in yield of 0.04 - 0.07 % occurred.

Paper electrophoresis of hisseme preparations at
pH 8.6 showed two bands. One, that did not migrate
probably because the buffer pH approximated the iscelectric
point of the histone fraction, and another that migrated
toward the cathode,

8. The Number and Pattern of Histone Bands on Disc

gl!gtrophoreais

A maximum of twelve bands could be observed (Fig,

3) in the DFP treated preparations., Six of these bands
were prominent. The romaining~s§ven-fast mobility bands
stained faintly, and compared to the other six, represented
a minor proportion of all histones, Four of the six

prominent bends accounted for more than 80 % of the

totale
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Occasionally some bands were absent from the
histone preparations. However, no extra bands could be
detected. In EIA treated preparations the six fast
mobility bands were either reduced or absent (Fig. 3).
The electrophoretic pattern was constant under the speci-
fied conditions, such that relative mobllities of the
individual histone bands could be calculated., Bands were
numbered starting with the slowest moving band first,

The distance travelled by the band number 4 was deflned
as unity, and the other bands referred to it (Table 2),

D. The Effect of Protease Inhibitors on Histone

Preparations
Enzymatic degradation of histones was detectable

in pilot experiments for the isolation of nuclei. On disc
electrophoresis numerous new bands appeared concomitant

| with diminution of known major bends, Furthermore, the

\l degraded histones could not be precipitated by 20 % TCA.

EIA and DFP are alkylating agents, hence thelr use
as known enzyme inhibitors., Cathepsins or nuclear proteases
are belieied to be deactivated by the two inhiblitors. In
fact, it was not until the introduction of DFP and EIA
treatment that successful results were achieved as evidenced

by constancy in number and pattern of histone dlsc electro-

phoretic bands,
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Table 2

Relative Mobllity of Histones on

Disec Electrophoregrams

Direction Histone Band Number
miggﬁtio;* 1 2 S 4 5 6 7 8 9 10 111 ] 12
Relstive
mobility |0.75[0.81]0.86]1:00{1.11]1¢19{1.39]|1¢49]1,89|2,03|2,17 2,52
Stain
Intensity | s | sedse| ] dedde] | e | % #* sk | s | R | »
The relative mobilities are averaged. Variations
of £ 0,05 occurred,

Stain intensity of a band was described as:

# Faintly stalned; i intermediate; ### strongly stalned,
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However, EIA treated preparetions showed the
sbsence of fast mobility bands /7-12/ observed in DFP
treated histones (Fige. 3). Moreover, upon fractionation
of histones treated with EIA on C.M. Cellulose, and

subsequent disc electrophoresis, the F; peak showed most

of the fast mobility bands (Fig. 4).

The cause of the interesting difference between
the effects of the two inhibitors is unknown. Recent
reports that thiol groups exist in histones (72) may
explain the dlscrepency partly, since DFP and EIA may be
expected to have different affinities to these thiol

groups,

E. Comparison of Rat Liver Nuclear, DNP and Calf Thymus

Histones

Starch gel electrophoresis of rat liver nuclear
and calf thymus histones showed identical behavior,
Three zones of the same mobility appeared over the pH
range 4.5 - 4,8, However, the two types of histones on
disc electrophoresis differed completely in number,
mobility and intensity of staining of bands (Fig. 3).
Disc electrophoregrams of histones obtained directly from
nucleil or indirectly from DNP showed some similarity

(Fig. 5)0
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Fubes number 1, 3 and 5 show Fyy Fp and Py ﬁiﬁﬁﬁ&m% '
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Sofpeotions Prom deflelent rats respecblvelys o e
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1 represents DNF histone.

2 pepresents nuclear histone,
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Fe Comparison of Histones from Deficient and Control Rats

Histones from zinc deficient and control rats
showed simiiar disc electrophoretic patterns, Some vari-
ation in the thickness of individual bands explained
perhaps by differences in protein content, was observed
especlally in bands number 3 and S,

The gels were scanned and areas under the dbaérbance

curves of aix prominent bands /1-6/ measured. The data in

Tibles S and 4 represent relative concentration of histones
in individual bands expressed as percent of total. The
atatistical analysis of these figures showed that histones
treated with DFP behaved unlike EIA treated preparations.
In DFP treatment the variation of bend number 5 in
deficlent as compared to control rats was statistically
significant, In EJIA preparations zinc deficient and con-
trol histones did not appreciably very.

Ge Chromatographlic Behavior of Histones

Histones from zine deficient and control rats
were compared on C.M, Cellulose columns, To accomplish
this, equal amounts of histones were added and eluted

under similar conditions. The elution patterns were

identical (Figs. 6, 7). In both, some protein was not




Comparison of Histone Disc Electropho

i Seriés No. of Bend ¥
No. rats 1 2 3
D C D C D C

X 4 22 17 16 13
X 4 7 v 15 13 10
X 6 9 6 12 10 18 12
X1 12 8 8 17 10 14 13

. Yean # S.Es BB £.50 | 7.031,00 | 17.042.06 13,0$1.81 | 15.3$1.87 | 12.,020."

S«Ee 1e12 2,77 1435
t 0,446 1,455 v 1,200
p P > 0450 p >0,10 Ps D 0,10

The figures in the table represent areas under the curve of absorh

total,

The t values test the signifl cance of differences of means between

S.E, 1s standard error. All calculet ions are corrected for small

D stands for deficient, C for controls
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etic Bands in DFP Treated Preparations
imber
4 5 6
D C D C D , C
28 31 11 2¢ - 23 17
32 26 22 -1 29 9 18
25 21— 23 37 13 15
44 46 18 28
| | 32,344,18 | 31,045,411 | 18.542.74 | 29,542.83 | 15,044,18 | 15,740.71
6;84 5.89 4018
0,190 2,736 0.164
P 0,50 0,06 > p 5 0,02 p 2 0.50

e

nce recordings of scanned bands, The areas are expressed as % of

zine deflclent and control histones,

bMples.

|
%
X
£
|
l




Series | Nos of
Nos rats 1 . 2 |
D c D c D
IX 4 8 10 10 17 12
|
IX 6 11 6 14 19 13
|
XTI 10 24 28 17 |
XIV 10 7 5 30 23 19
Mean i S gE. 8 ,‘711 925 7 .011.53 19 35i4556 213812 ¢45 15@511 96[
' S.Es 1.98 5,22 o
t 0.857 00441 '
P ‘ P > Oulo P >095C’ P >

For explanations refer to Table 3
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Elestrophoretic Bands in EIA Preparations

Band Number

4
C D C D
12 38 32 33 29
13 35 34 26 21 S 7
20 36 35 24 18
13 28 26 23 39
14,521 ,87 | 34,042.12 | 31.842.00| 26,542.24 26 «844,69

1 2,93 : 5422
85 0.752 0.058
650 p 0410 1% 0,50
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FIGURE 6, C.M. CELLULOSE CHROMATOGRAPHY OF HISTONES FROM
ZINC DEFICIENT RATS,.

The absorbance at 278 mp was read,
10 mg of sample was applied to 20 x 1 columns,
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FIGURE 7., C.M. CELLULOSE CHROMATUGRAPHY OF HISTORES
FROM CONTROL RATIS.,

The absorbance at 278 mp was read,
10 mg of semple was applled to 20 x 1 columns,




retained by the adsorbent column indicating the presence
of less basic components, The 278 mp absorption peaks
correlated with those at 750 mp (Fig, 8), obtained by
trestment with the Folin-Clocalteu reagent (97)e

The disc electrophoretic patterns of chromato-
5raghicu117 separated fractions F;, Fp and Fz from zinc
deficlent and control rats were identical (Fig. 4).
The Py fraction contalned 9 bands, F2 and Fx showed four
bands each., Fast mobility bands eppeared only in Fy.
Practiona Fg and Fa showed the bands number 2 to 5, The

Pg differed from Fa in the intense staining of zones 4 and
5 (Fige 4)e
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o. O o o Color developed by Folin-

Ciocalteu reagent read at 750 mp,
The seale on the right 1a in 0,100 units,
12 mg of histene was applied,
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DISCUSSION AND CONCLUSION

Histones are postulated to be genetic repressors.
Evidence that histones are capable of inhibiting DNA
replication (86) and of m-RNA synthesis (82, 83) supports
such & hypothesis., Purther support for a repressor function
is provided by experiments in whioch it was shown that
acetylation of histones prior to stimulation of m-RNA
synthesis in activated lymphocytes eliminated the repressor
action (69),

In zinc deficlency protein aynthesis and growth
are impaired, RNA levels are lowered (28), unlike DNA
which appears to be unaffected (100). Inhibition of trans-
eription of genetic information from DNA to RNA and
subssquently to protein by a repressor might explain
decreased RNA levels and lowered protein synthesis, Hence,
the effect of szine depletion on the behavior of histones
1s of considerable interest, Detection of changes of type
or concentration of nuclear histones might explain in part
the molecular basis of the effects of low levels of zinc
and strengthen further the histone-repressor hypothesise

Two fundamental requirements had to be fulfilled
in order to obtain a successful treatment of the problem,




3P

Severe ginc deficiency hed to be lnduced in a sultable
animal end histones had to be igolated in pure form,

The rat was selected because it is susceptible to zinc
deficiencye The liver as the ma jor site of protein
synthesis would be expected to show metabolic disturbances
related to this function, Purther, the liver contains
substantial amounts of zine, Therefore, a severe limita-
tion on intake of zinc should result in the appearance of
adverse effects in the liver caused by or related to zine
deficiency.

Zinc was almost completely removed from the food
and precsutions were taken so that no zinc other than
provided in the diet was availeble to the rats. The
impaired growth and various physical signs of deficlency
gave evidence that severe zinc deficiency existed,

The preparation of histones from the nuclei was
preferred because baslic proteins are known to occur in the
microsomes (10l) and perhaps elsewhere. Proteolytic
degradation was kept minimal by rapid isolation and puri-
fication methods oarried out at low temperatures and by
the use of protease inhibitors. The DNP histones used in
sarlier experiments were subject to contamination in
addition to enzymatic hydrolysis during the longer period

of isolation, Hence, DNF preparstions were abandoned and

nuclear histones used throughout the experiments,




The mode of preparation, solubllity, electrophoretic
behavior, and adsorption to and elution from C.M, Cellulose
cation exchange columns shows that the isolated products
were nuclear basic proteins, The differences in number,
mobility and pattern of disec electrophoregrams of calf thymus
and rat liver histones demonstrate that histones are a
complex of closely related proteins., Although up to 12
bands ﬁere detected in the acrylamide gels, the number of
individual histones may be smaller, some of the minor
bands m@y repregent decomposition products, Treatment of
histones with urea or electrophoresis at lower pH produces
more bands. 4 limited number of histones restricts
repressor actlon to changes in histone type or amount,
Hence levels of histones in the nucleus may be significant
(33, 85),

Histones from zine deflclent and control rats
compared electrophoretically shmmdd significant changes in
DFP treated preparations., However, EIA preparations
falled to show such a difference. The demonstration of
statistically significant differences despite the small
number of assays indicates that histones undergo changes
during zinc deficlency., The finding is compatidble with o
hlstone~repressor hypothesis. However, the possibility
that disturbance of histone synthesis l1ike that of other

proteins occurs cannot be excludeds,




The chromatogrephic behavior on C,M. Cellulose

of histones from normal and deficient rats was identicale

Resolution by means of other chromatographic media may be

more successful and should be attempted, Immunoelectro-
phoretic studies seem worth doing,
In conclusion, histones from liver in zinc defi-

cient rats undergoes a significant change detectable by

diac electrophoresis. The cause for the discrepency

between the DFP and EIA trested histone preparations remains
to be established. It is possible that apart from a
protease inhibiting effect these alkylating agents combine
with histones chemicallye.
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SUMMARY

Liver nuclear histones from zinc deficient and control
rats were isolated and compared by electrophoresis on
acrylamide gels and by chromatography on carboxymethyl
cellulose.

Histone preparations in which diisopropylfluorophosphate
(DFP) was used to inhibit proteolytic degradation
differed from those in which ethyliodoacetate was used.

In the presence of DFP, histones isolated from liver
nuclei of zinc deflcient rats showed statistically a
significent change ln relative concentrstion of major
histone fractlions as compared with similar preparations
from liver nuclel of control rats, when subjected to

electrophoresis on acrylamide gels at pH 4,3.

Carboxymethyl cellulose chromatography failed to
demonstrate differences between the deficlent and

control groups,
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INTRODUCTION

A, 2Zinc Deficlency

In 1869 Raulin (1) recognized zinc as an essential
element, Since then, & great deal of evidence substanti-
ating the universal importance of this micronutrient has
accumulated, States of zine deficlsency are described in
Aspergillus niger (1), NHeurospora crassa (2-4), corn (5),
tomato (6), and other plants. In the animal kingdom,
indisputable evidence for the specific effects of zinc
deprivation in the rat was presented by Todd et al. (7),
snd the Wisconsin group (8-10), Hubsequently, zine
deficiency syndromes were documented for swine (11),
chicken (12, turkey (13), calves (14), lambs (15), and the
Japanese quail (16),.

Despite the overwhelming ovidence for the exis~
tence of zinc deficiency states, the nature of metaboelie
disturbances it causes remains uni:nown. The subecellular
distridbution of zinc in the rat llver follows closely the
intracellular localization of knoun zinc metalloenzymes
(17). These have been shown to lose activity when their
zinc is bound with complexing agents, and to regain

activity after replacement of the zinc (18, 19).
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Hence, it may be expected that sine deprivation
should result in loss or reduction of activity of most
ginc metalloenzymes., In fect, alcohol dehydrogenase was
absent in minc-deficiont mycelia of Heurospors grassg (3-4).
Subnormal levels of intestinsl anc¢ kidney alksline phos~-
phatase sctivities in the rat were reported (10, 20-21),
Also, bone alkaline phosphatase sctivity was lowered in
sine deficient turkeys (22), However, carbonic anhydrase,
and lactic dehydrogenase, both zire dependent enzymes, were
found to be unaffected by szinec deflclency in rats (23),
end chicken (12), Purthermore, in the mals genital tract
which accumulates high concentrations of sine, the amounts
of the metal do not reflect the activities of known sine |
metalloenzymes (24), |

Impaired growth in plants and animals during sinec
deficlency has indfosted that protein synthesis is one of
the blochemical loci affected. Changes have been found
in the levels of plesma proteins c¢f zlno-deficlent rata

(9), chicks {28), and the Japanese quail (26, 27), Lower
protein content in szinc~deficlent mycelia of Neurosporg
orasas (3, 4), and tomato (6) has also been reported.
Zinc has besen suggested to have & role in proteln,
m-RNA and DNA syntheses. Sehneider and Price (28) have
hypothesiged that decreased lsvels of RNA may be the cause
~ of growth inhibition during sinc deprivation. In fact,




investigations of the effect of zine daricienny upon RNA,
and protein synthesis, in Euglens gracillis (29), Rhisopus

nigricana (30), and Myeobsoterium smegmatis (31, 32) have
described a general pattern. The metabolic disturbances

associated with sine deflelency, taey belleve, starts

with the arrest of RHA formationj soon protein synthesis
stops. Later, the rising total anltrogen and DNA levels
associated with growth come to & standstill, Addition of
zine to the culture medla stimulatss RHA and protein
aynthesis (30), PFurther, it is of interest that in
experiments performed by Fox snd Harrison (27), Actinomyoin
D, the inhibitor of DHA primed m-RiA formation, influenced
sinc~-deficlent birds only, during short periods of fasting.
This implies disturbed m-RNA formation during sine
defiociency. However, injection of growth hormone, which
stimulatga m=-RHA formation, caused retention of nitrogen
but no weight gsin in deficient rats, a finding that does
not support direct m~RKA involvenmant.

Nuolear basic proteina, thy hlatones are known to
ba involved in DNA dependent RNA synthesis. As an exsmple,
histones in 100 ug/ml concentration activated de nove
aynthesia of lactic dehydrogenase, a zinc metalloenzyme

from embryonic chick brain in tissue culture, While, at
400 ng/m) complets inhibition of tie ensyme synthesis
octurred (33), Since histones could inhibit the formation




of a sinc-dependent enzyme in vitro, and probably other
proteins in vivo, the posaibllity that during zine
deficienoy syntheals of some key metallosnzymes were
blocked by histones needs to be considered, If histones
behaved as repressors, definite changea in histone concen~
tration or type might be expected during zine deprivation,
For these reasons a study of histone behavior was made

in zsine-deficient rats and comparsd with thst of controls
receiving appropriaﬁe quentities of zing.

Be Histones
The histonss, basic proteins of molesoular weight

8000130000, are found in close sssociation with the DNA
of the nucleus of somatic cells (34). Thelr metabolle
role 1z not known, IlHowever, keen intersst was aroused in
them by Stedman et al (35) who suggested a genetle
regulatory role for them. Signifiocant findings conecerning
heterogensity, species and organ specificity and natupe
of intersotion of histonss with the DNA have been
desoribed (36),

The heterogeneity of histones is well establiashed.
Differentisl extraction and precipitation, ion exchange
chromatography, gel filtration, electrophoresis (37,38),
and counterourrent distribution (39) technigques have been

used to scpnraﬁo histones into three main fractions;




erginine-rich (Fy), moderately lysine-rich (Fg), and

lysine-rich (Py). Each hes been further subfractionated,

Starch gel electrophoresis (40, 41) of whols, as well as

chromatographically separated fractions (42, 43) of

Kistones ylelds multiple bands, Ixtensive heterogeneity

was revealed by the use of polyacrylamide gels (40, 44).

Moreover, Murray (45) demonstreted that hiastones prepared

by these widely different methods exhiblted heterogenelity.

The present belief is that there sre a limited number of

histones which have remarkable sinmilarities in electro- ‘

phoretic patterns (40, 46), amino acid compositions (47, \

48) and NHgeterminal amine acids (48, 50). Comparisons ‘

of thege characteristics were made with ¢alf thymus

histones which have been most ocompletely studled. ‘
Specles and organ specificity of histones have

been investigated. Neelin (40, 51) and Hnilica (4R2)

isoleted & unigque histone from chicken erythrocytes,

Differences from varlous orgens of chicken (40) and rats

(42) have alsc been deacribed, as have slight differences

between histones of the same orgars of the rat, guinea

pig, and the rabbilt (52), However, histones from mouse

brain, and liver (53), calf thymus, liver and kidney (850),

and rat brain, liver and kidney (42) showed no detsctable

differences,




An interesting succession of histone typea during
spermatogenesis in the msquid Loligo (54) and fertilization
in the snall Hellx ssperg (55) wers reported. Concomie
tently, newborn snd adult tissues rom chicken showed
rminor differences (46)s. Also, slijght but consistent
differences in the higtones of young ret liver, and brain
were detected (52), Eieraorgﬁnisma grown under different
conditions were lnvestipgried and significsnt differences
in the histones were observed (56). Small differsnces
between normal and neoplastic tissues have been alse

doserived (34).

'+ Co Higtone Metgbolism

The site or,bioaynthaais o' histonses 1s unknown,
The nucleus has been suzgested (54, 57) although during
spermatogenesis in the yrasshopper, protein-bound lsbeled
arginine eppeared firat in the cytcplasm of the aperm
nucleus. Originally 1t was believad that histone and DHA
syntheses occurred simultaneonsly (58, 59), Recent
evidence indicatua that hilsztone syntheslis i1a an independent
process, and may take place before DHA synthesia (60, 61).
Actinomyelin D, the known m=RNEA inhibitor, ceuses a
decrease in the incorvoratlion of lebeled ammino soids into

histonaa‘iéa). Moreover, inhibitima of histone syntheais

by puromycin indiecstes that histone blosynthesis is like
that of other proteins (63, 64).




Histones undergo a slow but definite turnover
(68, 83), slthough in avian erythrocytes and reticulocytes
no turnover could be deteeted (68), o3# lysine 1a
inaorpepa&e& into the peptide struzturs of lysine-rich
histone fractions (67). Furthermore, labeled amino aclds
are incorporated at different rates into histone fractions
isolated from ¢alf thymus nuclel (52, 64).

Methylation end ecetylation of histones, which
modify hiastone~DNA intersction, cen occur both in vive
end in vitro (68, €2). These procsases are not inhibited
by puromy#in (63)s Recent svidenes indicates that during
gene activation in humen lymphooytsa, scetylation of |
histones (69) tekes place just before the rise in RNA
levels, FPhosphorylation of histonss also occurs (70),
Serine phoaphate has been identifisd ss the aite (71),
Tﬁiol groups have also been reportsed in histones (72),

The concsntration of histoies in the nucleus was
assumed to be equivalent to that of DNA (73)., However,
Umans at al have shown that in noniividing stable colls,
histone concentrsation is twlce thas of DNA. Starvation
lowera the hiatonesDHA ratio to .58, In tusors the ratio
is about one (74). The amount of hlstones to DNA in adult
tissues varies (75).

Basio groups of histones interast with phosphate

groups of DHA primarily through nonspeeirie ionic linkages




{76, 77). The ease of dissociation of nuclechistons
complexes by'aaidio or high lonic atrength solutions has
been presented as ovidence (77), 'The results of analyses
of tryptic finger prints indicete that besic amino acids

in histones are not found in & regilar order as are the
phoaphate groups of DEA (48, 78), Furthermore, the inter-
sction of histones with DiA geems {o be size and structure-
dependent (798). Nucleohigtone amasosciation and dissocistion
studies (80, 81) have shown that a lysine-rich histons
fraction apecifically associstea with a DHA molety rich

in guanine and cytosine,

Hiatones were shown to be involved in several
reactions teking place in the nucleus., Among these aret
syntheals of DHA-dependent RNA, of DNA and of nuclear ATP,

In isolated thymus nueclei, addition of histones
inhivite DNA-dependent RHA synthesis (82, 83). while,
enzymatic removal of histones with trypsin or acetylatien,
enhances it, FPos embryo native crromatin or reconstituted
mucleoprotein {(histone:DKA, 2:1) is inactive in supporting
DEA-dependent RMA synthesis (73, £€4)e Selective removal
of histones from reconstituted nucleoprotein stimulates
the incorporation of labeled RNA precursors.
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The degree of inhlbition caused by different
histone fractions s unknown (73, 82, 84). Furthermore,
the concentration of histones in relation to DNA may be
significant (33, 85).

The Interaction of histonas with DHA (86) and
nuclear AT? (87) syntheses are less well understood,
However, histones inhibit both of the above mentioned
roactions., Hence, it 1s expected that most phosphorylating

and ensrgy requlring processes in the nuclesus may be

adversely arfected,




A, Induction of Zine Deficlency i Rats
Weanling rats, all msle, 0 a local Sprague-

Dawley strain were sorted at randon into experimental and
control groups. The rats were houned in stainless steel
cages, and were pair-fed nhé appropriste dlets after a
twenty-four hours fast, Deionized water was provided
ad 1ibitum. The diet was based on that of Forbes and
Yohé (88) with the following modiflcmtions: the protein
was changed to 80 % cesein (EDTA-purified as described in
(88)) and 20 % gelatin. Cellulose and chlortetracycline
were omitted, Instead of glucose, sucrose and dextrin
served ss carbohydrate sources, 1300 I.U, Vitamin D, and
12000 I.U, Vitamin A, and 1.0 g Tosopherol were asdded per
4.8 kg batch., The CalPO, used in the salt mixture was
prepared from NagliFO4 and CaClgy by 1socelectric preclpita-
tion to decrease zinc contaminatioa found in commercially
availeble CallPO4. |

The sinc content of the food was measured with
the aid of dithizone (90) or atomic absorption spectro~
photometry (1), after digestion with sulfurie, nitriec and
perchloric acids (89). The sino-depleted diet contained

=10
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less than two p.p.m. sinc. Ths ocontrols received the seme
diet except that ZnCOz was added tc raise the zine level
0 20 p.peme

The sinc content of hair wes measured as a supple~
mentary method for assessing zinc deficlency (89), Halp
was clipped from the abdomen, washed, digested and analysed
by atomic absorption spsetrophotometry (89),

The rats were weighed twice each weok. As soon as
severe zinc deflciency symptoms devaloped the experiment
was terminated. This occurred twenty to forty days after
starting dlets.

B, [Freparation of Rat Liver Nueclel

Rats fasted for twenty-four hours were aneathetized
with ether, the abdominal and thoracic cavities wers opened.
Blood was withdrawn with a syringe f'rom the left ventriocle.
4 catheter was introdused into the vens cava and the liver
was perfused in gitu with ice~-scold (.14 M NaCl to remove
blood, Perfusion was continued until the liver becane
graye. All subsequent operations were carried out at 5° C
or below,

The liver was rinsed with saline, blotted with

filter paper, and one gram portions were minced with
scissors and homogenized in twenty volumes of 0.25 M
sucrose, 3 mH CaClg. Either 1 mM diisopropyl fluorophosphate




(DFP) or 0.1 mM ethyl lodoscetate (EIA) were added just
before homogenigation. DFP, end EIA were used to inhibit
entymatic hydrolysis of histones known to ocour in the
nucleus upon homogeniszation of the rat liver. A close
fitting teflon pestle with serrated edge, and a ?otsér‘Ela
vehjem glass homogenizer were used. After numercus trials
6-8 strokes, 40 geconds and 3500 r.p.u. for the rotor were
found to ylsld maximsl number of intaet nuclel. The
homogenate wes passed through four layers of cheese cloth,
and centrifuged for ten minutea at 1000 x g« The erude
nuelear sediment was resuspended in the homogenising
solution (1 g/10 ml) end wes centrifuged as above, The
pellet obtained was suapended as described by Chauvesu
(92) in 2,1 M sucrose using a loosely rfitting teflon pestle
with the glass bhomogenizer, The nuclear suspension
corresponded to § g of the originel tissue per 100 ml of
2.1 M gucrocse solution, Heads Bl or 30 of the model L
Spinco preparative ultracentrifuge were used for 785 minutes
at 50000 x g calculpted for the bottom of the centrifuge
tube, Samples of the nuclel prepared were atained by
hematoxylin hydrochloride and examined with the light
microscope. The nuclear preparations contained little
deteotable contamination (whole cell or debris), Yilelds

wore lows
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Initielly a procedure basec upon iscelectris
precipitation of histones was tested., Two histone frace
tions from the rat liver were obtained by a modification

of Daly and Mirsky method (93), Tke nucle!l were extracted
with 0.28 N HC1l and the clear supernatant solution obtained
after centrifugation was titrated to pH 8 with 1 N NaOH,
Turbidity, indicating aggregation, appeared firat at pH 8
and at about pK 8 a cloudy, white precipitats formed.

Ho further precipitation was observsd upon raising the pH.
After the first histone fraction was colleected, the pH of
the asupernatant solution was raised to 10.0 and thres
volumes of 98 % ethanol were added. A white precipitate,
the second histone fraction, was formed. The iscelectrie
vrecipitation procedure was abandonvd because both hiastone
fractions obtained were conteminamted by other proteins

~ having 1soelectric points in the same pH range, Also,
alkaline treatment of histonss caused denaturetion, hence
loss of aalubii&tyc

De tion of Deo bonue rote DRP

A second procedure spplied to isolation of histones -
depended upon separation of deoxyribonucleoprotein, All
steps described previously in the hizh speed differential

contrifugation of nuclel were followsd, 7The nuclesr
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pellet was extracted with 2 M NaCl (50) for 5 hours, The
supernatant solution weas decanted and sentrifuged £ hours
at 2000 x g. The new supernatant nolution containing the
DHP was dfluted to & concentration of 0,15 M NaCl, The
DNP? precipitate was collected by contrifugation,

E., Purification of Histones
The alean nualei or DLNP vwere extracted with 0,25 N

HCL for two to three hours, 7The eoxtract was centrifuged
and the olear aupernttaﬁt solution containing the histones
was purified by the method of Lindh and Brantmark (38),

The acid extract was treated with a saturated
solution of freshly prepared ammonium Reinecitate until
complete precipitation oceurred. The histone Relneckate
was washed with an appropriate volume of 0,08 M Tris HCL
pH 8.4 buffer. An equal volume of saturated Relneckute
was added, and the precipitate was collascted by centrifue
gation., The supernatant discarded contained proteins with
isoceleotric points below pH 7, together with low molecular
welght basic contaminanta. This atep was repeated twice,
The precipitate was treated with acetone HCl §:7:] parts

focetone ¢ £ parts concentrated HCl) which had been cooled
below ~56° Q, and centrifuged at -20°C, The precipitate
containing the histones was extracted with S-alanine-
acetate buffer at pH 4,5, or acetate buffer at pH 4,8,




An insoluble greenish prezipitate remained. The flowsheet
summarizes the different ateps (Fig. 1).

Pe Diso Fleotrophoresis of Higtones in Acrylemide dels
Dise electrophoresis was performed according to

‘Reisfeld (94) in 7.0 % ecrylemide gals. A combination of
large and amall pore gels at pH 6,7 and pH 4.3 respectively
was uged 5o produce tnes moleculsr asleving and eleetro-
phoretic effects required to resolv: ﬁixburas of clomely
related proteins (95, 96)s Unless aﬁhérwisa speciried,
a 6 mg conatent current wes applied for 656 minutes pey
tubes 7.5 om long and 0,5 em internal diameter glass
ranning tubes were used, The gel stacked at pH 5.0 and
rean at pH 4;3. The buffer used for electrophoresis was
0438 ¥ P-alanine~acetate pH 4,5. Under these conditions
histones showed excellent resolution,

A volume of solution contalning fifty mierogram
histone semples was applied. Larger protein samples ars

known to cause aggregstion with loss of rescolutiong

furthermore, scanning of thick bands l1s inaoccurate.
Protein concentration was measured by the method of Lowry
8t 8l (97)e A preparstion of calf thymus histone™ was
ugsed for ths protein standards.

®HLY 61 A Worthington Blochemicalse
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The histone sample was mixed with an equal volume
of gel solutlion composad of )1 par: B ¢ 8 parta D : and
1 part E, where B, D and E are (94):
B. 48 ml 1 N KOH, 2,87 m). glaclal acetic acid,
0.46 m) of N, N, N! N'etetramethylethylonediamine
in 100 ml water solution. |

}D. 10 g acrylanide, 2,5 §; H,N'-methylenebig~
ascrylamide in 100 ml water solution,

E. 4.0 mg riboflavin in 100 ml water solution,

Addition of four parts water was omitted from the
gel solution beoosuse the samples were dilute, iHistones
applied were elther in waster or in f-alanine-acetate vuffer
PH 4.5 or in moetate buffer pH 4.,f, After the run, the
gels were removed from the tubes with the help of a needle,
and a syringe filled with 7 ¥ acetic acid. While & gentle
stream of the solution wps rolsased, the needle was
inserted between the gel and the tube wall, and a complete
turn around the gel mads,

The gels werse immersed in 0.5 % Amido Schwars 10 B,
in 7 % scetic acld, for & minimum of two hours. They were
destained either electrophoretically in 7 % scetic acid
with currents less than £ ma per tube, or by diffusion in
thes same solvent. The latter was preferred because currents

as low as 4 ma/tube removed fainter bands. Also development

of artifacts is reported (98),
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The destained gels were scenned with Amineo

Fluorcuicrophotome ter equipped with a scanner running at
a speed of one centimeter/minute, The photometer was
corrected to a Moselsy model G680 recorder, snd the gel
patterna wers traced. A wratten LD filter 1-10 £ and a
green filter 58 were used to decrease the intensity of
_lignht, and make the use of slit adjustment poasible, An
unstained section of the gel waa selected to adjust the
zer0 absorbance above the bsselline. 3everal recordings
woere made at different gliit widths. The tracing showlng
the best resolution of bands with the least nolse was
gelected for analysis. 3ome varistion in the optical
properties of the gel which ecould not be avolded geve rise
to minor differences in the optlcsl density for the clear
areas, Hence, the region of the more prominent bands

(4 major, 8 minor) waa analyzed only. The curves corre-
sponding to the absorbance of the protein bands on the
gel were assumed to have Jausalan symmetry. When two
surves avarlqpﬁed beceuse two closs bands could not be
eompletaly resclved by the scanner, the miasling arms of
the two curves were drawn symmetrically with the other,
The ares falling under the ourves waas measured with a
planimeter, The average of five such measurements was

recorded, Each peak was expresaed as % of totel area.

Since the quantity of protein applied to the gel columns
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was the same, the several preparations examined could be

compared directly by areas undsr the curves.

Ge S h tro

Starch gel electrophoreais in scetate buffers of
differing ionie strength and pH was also tested. The best
results were obtained with acetate buffer pH 4,8, 0,02
jonic strength. DBecsuse at least 300 pg samples were
required and regolution as compared to diasc slectrophoreais

was poor, it was discontinued,

The presence of nonbasic protein contaminants in
substantial smounts was excluded by elestrophoresis
carried out on paper iﬁ veronal buffer pH 8.6, lonie
strength 0,075 and a current of 2.5 ma/cell for 16 hours.
The paper strips were stained with 1 £ Amido Schwars in
7 4 acetic scid, end destained in the aum. solvent,

1.

Rat liver histones were fractionated on C.M,
Cellulose” columns according to ths method of Johnes ot al

(99)s The protein was added to the column in 0,1 M

#g.M, Cellulose Sigma Chemical) Co., medium mesh

0460 mEqQ/ge
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acetate pH 4,2 buffer. Three fractions were eluted by

the use of 0,2 M acetate - 0.42 M NaCl buffer pH 4,2,

0,01 N HC1, 0,02 N HCl raspéctively. 20x1 cm colﬁmna
were used. The C.M, Cellulose was previously washed with
4.2 pH acetate buffer to remove any ultraviolet absorbing
moieties, In order to compare histones from zine defi-
clent and control rats, identlical amounts of samples were
added and eluted. Fractionatlon was carried out initially
at room temperature., Later, experiments were performed
at 5°© C, A flow rate of 0,5 ml/min was maintained, Three
ml fractions were collected., The optlcal density of the
eluate waskread at 278 mu. Alternatively, the color
developed by the Lowry method (97) wes read at 750 mp,.
Peaks of the three fractions F;, Fp, and Pz were collected,
Fy was dialyzed agalnat 0.25 N HCl for 3-5 hours, Then
the three fractions were treated with ammonium Reineckate
to precipitate the histones., The precipitates were
resuspended in minimml amounts of water and dlalyzed
againat 0.25 N HC1l to remove the Relnsckate, Later, the
histones ﬂére dlalyzed agalnst the desired buffer, The
chromatographic fractions Fy, Fg, and Fz from zine

deficient and control rats were analyzed by disc electro-

phoresis.




A, Evidence of Zinc Deficiency in the Rats Exsmined

Rats red the sine-depleted dlet showed reduced
growth, inflammed lesionsof the alzin around the mouth,

nose, and the oyes as well as the paws, The hair became
coarse, and certalin areas especlally the ahwulders were
denuded., In some geverely deficlant rats weaknoss was
followed by death. The growth curves of deficient and
control rats started to deviate during the first week of
the experiment, and continued to do so thereafter (Pig, 2).
Within twenty to forty days, when the rats were being
killed the differcnce in the mean body welghts of the

two groups was statistically highly significent (¢t = 5,088
for n = 18, P {0,01)s Furthermoro, Table 1 shows that
xine content of hair in the deficlent rats decreased
drustically. While, in the control. the level of zine in
hair either inoreased or decreased slightly depending on
gine inteke,

The histonss were soluble in water, aecidle
sclutions, or buffers at pH less than 7, Upon addition
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FIGURE 8. A TYPICAL CROWTH CURVE CF ZINC DEPICIENT AND
COKTHOL RATS (SERIES IX),.




Zable J
ry Content of Zine* Zin

Deficie nd Céntro

Control rats Deficlent rata
Series| Days
Ho, - Initial Final ] Initial Final

155 & 4.6 | 187 £ 83,0 | 154 = 14.5 | 127 £ 24,
11 20 1179 £ 10.6]|169 2 7.6 |1856 2 9.5 |142 £ 17,
14 0 162 2 12.2]166 £17.11139 &+ 9.0| 96 x 27,

3

®rne mean and the stendard deviation sre reported,

*heys refer to the period betwren initlal and final
hair clipping of the rats. - |




of dilute NHLOH or raising the pH to eight some of the
hiastones precipitated, The pert remaining in solution
could be recovered at pH 10,0 by the addition of three
volumes of 98 % ethanol or acetone, 20 % trichloroacetie
acid (TCA) precipitated the histores completely. Purtherw
nore, the hiatons preparations dissolved in the Mirsky
roagent (1,88 M lg304 = 0,33 M HgsO4).

The overall yileld of histcnes from wet tissues
was 0,08 %, A range in yield of 0,04 =~ 0,07 % occurved,

Paper electrophoresis of histone preparations at
pH 8.6 showed two bands. One, thet did not migrate
probably because the buffer pH approximated the iscelectric
point of the hiatone fraction, and another that migreted
toward the cathode. |

A maximum of twelve bands could be observed (Pig,
8) in the DFP treated preparations. Six of these bands
were prominent., The remaining seven fast mobility bands
steined faintly, and compared to the other six, represented
& minor proportion of all histoneus, Four of the six
prominent bands sccounted for more than 80 % of the
total,
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Occasionally some bands were absent from the
histone preparations., However, no extra bands could be
detected, In EIA treated preparations the aix fast
mobility bands were either reduced or ebsent (Fig. 3).
The electrophoretic pattern was constant under the speci-
fied conditions, such that relative mobilities of the
individual histone bands could be calculated. Bands were
numbered starting with the slowest moving band first,

The distance travelled by the band number 4 was defined

as unity, and the other bands referred to it (Table 2).

D, The Effect of Protease Inhibltors on Histone

Preparstions
Enzymatic degradation of histones was detectable

in pilot experiments for the isolation of nuclei, On disc
electrophoresis numerous new bands appeared concomltant
with diminution of known mejor bands, FPurthermore, the
degraded histones could not be precipitated by 20 % TCA.

EIA snd DFP are alkylating agents, hence their use
a8 known ensyme inhibitors. Cathepsins or nuclear proteases
ere believed to be deactivated by the two inhibitors. In
fact, it was not until the introduction of DFP and EIA
treatment that successful results were achleved as evidenced

by eonstancy in number and pattern of hiatone dlse electro-

phoretic bands,
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Zable 2
Relat i of Hi
Disg Elestrophoregrems

Direction Histone Bard Number
m;iu;,,’: 2| s}e|s5)je]7]8 s |J1o]n]ae

Relative ,
nobility | 0.78 0.8) 0.86 1,00 1.1 1.19 1.50] 1.49| 1.89] 2,03|2,17| 2. 59

Stain . , . .
1numeywwnlmmmw}wnﬁmw”»

The relative mobilitiss are averaged, Varlatlons
of 2 0,05 occurred.

Stain intensity of a band was deacribed as:
# Faintly atained; «# intermediato; #:¥ atrongly stalned.

T Qe T N AN
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However, EIA treated preparations showed the

absence of fast mobility bands /7-12/ observed in DFP

treated histones (Fige. 3). Moreover, upon fractionation

of histones treated with EIA on C.M, Cellulose, and
subsequent disc electrophoresis, the Pq pesk showed most
of the fast mobilitj bends (Fig. 4).

The cause of the interesting difference betwseen
the effects of the two inhibitors 1s unknown. Recent
reports that thiol groups exist in histones (72) may
explain the discrepency partly, since DPP and EIA may be
expected to have different affinitles to these thiol

groups,

E. Comparison of Rat Liver Kuclear, DNP and Calf Thymus
Histones |
Starch gel electrophoresis of rat liver nuclear
and calf thymus histones showed identical behavior,
Three zones of the same mobllity nppaared over the pH
range 4,5 - 4.8, However, the two types of histones on
disc electrophoresis differed cémpletely in number,

mobility and intensity of stalning of bands (Fig, 3)e

Disc electrophoregrams of histones obtained directly from

nuclei or indirectly from DNP showed some similarity

(Fig. 5)0










F. Comparison of Histones from Deficlent and Control Rats

Histones from zinc deflcient and control rats

showed similaer disc electrophoretic patterns, Some vari-
ation in the thickneass of individual bands explained
perhaps by differences in protein content, was observed
especially in bands number 3 and S,

The gels were scanned and areas under the absorbance
curves of silx prominent bands /i-q/ measured., The data in
Tebles 3 aﬁd 4 represent relative concentration of histones
- in individual bands expressed as percent of total, The
statistical analysis of these figures showed that histones
treated with DFP behaved unlike EIA treated preparations,

In DFP treatment the varistion of band number 5 in
deficient as compared to control rats waes statistically
significant, In EIA preparations zinc deficient and con- ‘ i

trol histones did not appreciably vary.

Ge. Chromatographlc Behavior of Histones

Higtones from zinc deflcient end control rats
were compared on C.M., Cellulose columns, To accomplish
this, equal amounts of histones were added and eluted

under similar conditions. The elution patterns were

identical (Figs. 6, 7). In both, some protein was not




» Tabl
Comparisen of Histone Diss Elestraphore

Serles Né. o Band Fur]
No. rats 1 2 3
¢ D g D ¢
I 4 22 17 16 13
> . 17 16 13 10
Ix 6 ¢ 12 10 18 12
X1 12 8 17 10 14 13
Moan 2 5.E, [Be5 £.50| 7.0£1.00 | 17,042,086 | 15,041.81 |15,341.87 }12.0$0.71

S.E.

1.12
04448

2,77 | 1,38
1,456 1,200

P $0.10 Pe > 0,10

The figuraes in the table represent areas under the curve of absorbanc:

total,

The t values test the signifi sance of differences of means between zir

8.Ee. is standard error. All eslsulat ions are corrected for mll‘ sam;

D stands for deficient, ¢ for controle
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iie_Bands in DFP Treated Prepaations

or

r ¢ 5 6
D ¢ D ¢ D ¢
28 31 11 24 23 Y
32 26 e2 29 ® 18
26 21 23 37 13 15
44 46 18 28

32,324,186 [31.045,41 [18,522.74¢ |29,542.85 [15,084,18 [15.780.71

| 6484 3.89 . 4,18

0.190 2,738 0+164
P S>0660 0406 $>p 0,02 P ~>0.80

rescordings of scannsd bands,

8 deficlent mnd oontrol histonea,

les,

The &reas are expressed as % of




Qemparison of Histone Disc !

80:'10% No, of]

Hos rats

D - C D < I D

H
®

| 10 0 | 17 12
Y . | 1w 13
xx| 10 | 24 28 o
XIwvj 10 \f? j7‘ 5 30 f., ‘2s 18

H

Nean 4 8.E. | 8.781.21 7.081.57 1064454 21.882.45| 15.341.66] 1

SeEe  1.98 5.22 2,81
% o 04887 Outdl 0,28
P P >0.10 p > 0,50 P >0,

For explanations refer to Table 3,




Fadle 4

lestrophoretie Bands in EIA Preparations

., Band Number

4 5
c D c D e
12 38 32 33 29
13 35 54 26 21
20 35 55 24 18
13 28 26 23 39
‘0511937 &QWQIQV 3108&2 100' 26.532 .Q‘ ‘ 2503&‘#69
2,03 5,22
| 0,762 04058
0 P > 0,10 p > 0,50
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PIGURE 6, .M. CELLULOSE CHROMATOGRAPHY OF HISTONES FROM
ZINC DEFICIENT RATS. |

The absorbance at 278 mp wes read,
10 mg of ssmple was applied to 20 x 1 columnas,
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FIGURE 7. C.Ms CELLULOSE CHROMATOGRAPHY OF HISTONES
FPROM CONTROL RATS.

The absorbance at 278 mp was read,

10 mg of sample was applied to 20 x 1 columns,
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retained by the adsorbent column indicating the presence
of less basic components. The £7u mp absorption pesks
correlated with those at 750 mu (Fig. 8), cbtained by
treatment with the Folin-Clocalteu resgent (97),

The disc elestrophoretic patterns of chromatoe
graphically separated fractions Fi» Pg end Pg from sine
deficiont and control rats were identiasl (Fig., 4).

The Py fraction contained 9 bands, F2 and Py showed four

bands each., Past mobility bends appeared only in e
Fractions Fp and Py ashowed the bands number 2 to 8, The
Fg differed from Fy in the intense staining of szones 4 and
8 (Pig. 4).
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o. O 0. o Color developed by Folin-
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The scale on the right is in 0.100 units,
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Histones are postulated tc be genetic repressors.
Evidence that histones are capable of inhidbiting DNA
replication (86) and of m-RNA synthesis (82, 83) supports
such a hypothesis. Purther support for a repressor function
1s provided by experiments in which it was shown that
acetylation of histones prior to stimulation of meREA
synthesis in activated lymphooytes sliminated the rupr»saar»
action (69), |

In gine defielency protein synthesis and growth
are impaired. RNA levels are lowered (28), unlike DNA
whieh appears to be unaffested (100). Inhibition of trans-
eription of genetis information from DNA to RNA and
subsequently to protein by a repressor might explain
deocreased RNA levels and lowered protein synthesis. Hence,
the effect of zinec depletion on the behavior of histones
1s of considerable interest. Detection of ehangaa'or type

or concentration of nuelesr hiastones might explain in part
the molecular basis of the effeects of low levels of sinc
and strengthen further the histone~repressor hypothesis,
Two fundamentel requirements had to be fulfilled
in order to obtain a successful trentment of the prodlem.
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Severe sinc deficliency had to be induced in a auitable
animal and histones had to be isolated in pure form,

The rat wes selected because 1t s susceptible to zine
deficliency. The liver as the ma jor aite of protein
synthesis would be expeceted to show metabolio disturbances
related to this funotion. Purthor, the liver eontains
substantial smounts of gin¢. Thorefore, a severe limita~
tion on intake of sine should result in the appearance of
adverse effects in the liver cesused by or related to sine
deficiency.

Zine was slmost completely romoved from the food
and precautions were taken so thnt no zine other than
provided in the dlet waes avallable te the rats, The
impaired growth and various physlcal signs of deficiency
gave evidence that severs zinc doficlency exlated,

The preparation of histones from the nuclel was
preferred because basic proteins are known to ocour in the
mierosomes (101) and perhaps elsawhers. Proteolytic
degradation was kept minimal by repid isoletion and puri-
fication methods carried out at low temperatures and by
the use of protease inhibitors. The DNF histones used in
earlier experiments were sub jeet to contemination in .
addition to enzymatis hydrolysis during the longer period
of isolation. Hence, DHP preparations were abandoned and
nuclear histones used throughout the exparinentl;
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The mode of preparation, solubility, electrophoretic

|
1
behavior, and adsorption to and elution from C.M, Celiulose
eation exchange columng shows that the isolated products
were nuclear basic proteins. The differencea in number,
mobllity and pattern of disc electrophoregrams of celf thymus
and rat liver histones demonstrate that histones are a
complex of closely related proteins. Although up to 12
bands wers detected in the a&rylamidé gels, the number of
individua)l histones may be smaller, some of the minor
bands may represent decomposition jroducts. Treatment of
hiatones with urea’or electrophoresis at lower pH produces
more banda, A limited number of histones reastricts
repressor action to changes in histone type or amount,
Hence levels of histonem in the nucleus may be significant
(35, 85).
Histones from zine deficlent and control rats
compared electrophoretically showed a significant change in
DFP treated preparations, However, EIA preparations
raiiod to show such a difference. The demonstration of
statistically significant differences daapita'tha amsll
number of assays indicates that hlatones undergo changes
during sine deficieney. The finding is compatible with a
histone~repressor hypothealis. Howsver, the possibility
that diasturbance of histone synthenis like that of other

proteins occurs cannot be excluded.
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The chromatographiec behavior on C.M, Cellulose
of histones from normal énd deficient‘rata was ldentical,
Resolution by meins of other chromatogr&phic medie may be
more successful and should be attempted. Immunoelectro-
phoretic studles seem worth doing,

In conclusion, histones from liver 1n zinc defi-
clent rats undergoes a significant change detectable by
dise electrophoreaia%, The cause for the dlscrepency
between the DFP and EIA treated histone preparations remains
to be established, It is possible that apart from a ‘
- protease inhibiting effect these allkylating agents combine

with histones chemicallys
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SUMMARY

Liver nuclear histones from ginc deficient and control
rats were lsolated and compared by electrophoresis on
acrylamide gels snd by chromatography on carboxymethyl
cellulose,

Histone preparations in which diisopropylfluorophosphate
(DFP) was used to inhibit proteolytic degradation

differed from those in which ethyliodoacetate was used,

In the preasence of DFP, histones isolated from liver
nuclel of zine deficient rats showed statistically a
significant change in relative concentration of major
hiatone fractions as compeared with similar preparations
from liver nuclel of control rats, when subjected to

electrophoresis on acrylamide geols at pH 4.3,

Carboxyme thyl cellulose chromatography failed to
demonstrate differences between the deficlent and

control groups.
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